using a combination of liquid nitrogen cooling and heating by positive temperature coefficient heaters. The measurement of liquid droplet radius is obtained by analyzing the Mie elastic light scattering from a 532 nm laser. The Mie scattering signal was also used to characterize and distinguish droplet freezing events; liquid droplets produce a regular fringe pattern whilst the pattern from frozen particles is irregular. The evaporation 10 rate of singly levitated water droplets was calculated from time resolved measurements of the radii of evaporating droplets and a clear trend of the evaporation rate on temperature was measured. The statistical freezing probabilities of aqueous pollen extracts (pollen washing water) are obtained in the temperature range: −4.5 to −40 • C. It was found that that pollen washing water from water birch (Betula fontinalis occidentalis) 15 pollen can act as ice nuclei in the immersion freezing mode at temperatures as warm as −22.45 (±0.65) • At temperatures above the homogenous freezing point, the heterogeneous freezing of SWD is caused by interaction of IN active aerosols with SWD. Several distinct mechanisms exist, including: the deposition, immersion, condensation, and contact modes of freezing (Prupacher and Klett, 1997) . Recently there has been an intense research effort to determine the efficiencies and relevance of the different modes of freezing (e.g. Murray et al., 2010; Knopf et al., 2011; Crawford et al., 2011; Kanji et al., 2013; Hoffmann et al., 2013a; Atkinson et al., 2013.) Summaries of previous results, obtained by both laboratory and field work, and the atmospheric implications of these studies are provided by several recent review articles and no further detail is given here (Laaksonen et al., 1995; Pöschl, 2005; Hoose and Möhler, 2012; Murray et al., 2012; Ladino Moreno et al., 2013) . It is noted that several studies suggest that IN processes are still not sufficiently understood for satisfactory global modelling (e.g. Hoose et al., 2010; DeMott et al., 2010) . The most important types of aerosol particles to act as IN are reported to be mineral dust and primary biological aerosols (PBA), with these two aerosol groups accounting for more than 80 % of ice-crystal residues (Pratt et al., 2009) . PBA 15 are typically large in size (mainly supermicron) and they often dominate the measured mass loading of atmospheric aerosol. However, their number density concentration is small and usually dwarfed by other aerosol types except in the most pristine environments (Griffiths et al., 2012) . PBA species include: pollen, bacteria, fungal, algae, moss and fern spores, viruses and fragments of animals and plants ( Previous work in our group has used the environmental scanning electron microscope (ESEM) and warm EDB systems to measure the hygroscopicity and hence the warm cloud condensation nuclei (CCN) ability of pollen grains (Pope, 2010; Griffiths et al., 2012) . Within liquid water, such as in rain droplets, pollen grains are observed to burst thereby releasing smaller material, such as sugars, macromolecules and al-5 lergens, into solution (Yttri et al., 2007; Schäppi et al., 1999; Pummer et al., 2012; Augustin et al., 2013) .
Pollen grains have been found to be IN active. Within the condensation freezing mode pollen can initiate freezing events at temperatures up to −8 • C (Diehl et al., 2001) , within the immersion freezing mode at temperatures up to −9 • C (Diehl et al., 2002) , and within the contact freezing mode up to −5 • C (Diehl et al., 2002) . Furthermore, it is found that water that has interacted with pollen grains can also be IN active in the immersion mode of freezing. This water is referred to as pollen washing water (PWW).
In particular, suspended macromolecules within PWW were identified as efficient IN (Pummer et al., 2012; Augustin et al., 2013) , 2007; Pope et al., 2010c; Lee et al., 2012) , and supercooled droplets and ice nucleation (e.g. Swanson et al., 1999; Krieger et al., 2000; Svensson et al., 2009; Hoffmann et al., 2013b) . Recently, a new EDB design with concentric cylindrical electrodes was developed to measure rapid evaporation and condensation process of single droplets (Heinisch et al., 2006 (Heinisch et al., , 2009 5 Davies et al., 2011 5 Davies et al., , 2013 . Using a similar EDB design to Heinisch et al., we developed and incorporated a new cooling system which is applicable for low temperature studies. The design was chosen because the cylindrical electrodes are mechanically stable and single droplets can be stably confined within a small and well defined null point region of the electrodynamic balance whilst gas flows (> 100 sccm) are directed 10 past the droplet (Heinisch et al., 2006; Davies et al., 2011) . We describe the new cold EDB (CEDB) system providing particular detail on the cooling strategy. Furthermore, we provide measurement data, from the first applications of this new system: the evaporation rates of supercooled droplets, and the freezing ability of these droplets with and without PWW present. In particular this study provides the first contact free measure-15 ments of ice nucleation of individual PWW droplets.
Design and characterisation of new CEDB
The schematic diagram of the new CEDB system is shown in Fig. 1 . The system is capable of trapping droplets and following the evolution of the droplet radius under well-defined conditions of temperature and humidity. The evaporation and freezing 20 processes of droplets can also be distinguished by following the Mie scattering phase function. The detailed experimental procedure and analysis strategy is now detailed.
Droplet trapping and sizing
The details of the geometrical structure of the EDB chamber, AC and DC electrodes, and the theoretical calculation on the electrodynamic field generated have been Figures Back Close
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Discussion Paper | Discussion Paper | Discussion Paper | Discussion Paper | reported previously by Heinisch et al. (2009) and Davies et al. (2012) and will be discussed only briefly here. The cylindrical electrodes are composed of four electrodes: two upper and two lower. Both the upper and lower electrodes consist of a pair of inner (x) and outer (y) electrodes as shown in Fig. 1 . Both the outer electrodes are grounded. The upper-inner electrode has a combined DC and AC input (V AC + V DC ).
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The DC voltage can be varied between −200-0 V, the AC voltage between 0-1 kV with a high speed and high voltage amplifier module (AP-1B3, Matsusada Precision Inc.), and the AC frequency between 10-300 Hz. The lower-inner electrode has the same AC input applied to it as the upper-inner electrode but without the DC coupling. Both of the inner electrodes were insulated from the outer electrodes through use of a thin rubber insulator. Droplets were delivered into the CEDB using a droplet dispenser, which is optimized for low temperature conditions, (MicroFab, 30 µm orifice diameter, MJ-ABP-01). When the same dispenser parameter settings (pulse width, frequency and amplitude etc.) are used the generated droplets are of high reproducibility with radius fluctuation smaller than 0.5 µm. Within this study the use of different parameter settings led to 15 slight differences in initial SWD size. From the dispenser the droplets follow a trajectory past a charging electrode which is held at 900 V (generated from a Brandenburg 476R high voltage photomultiplier power supply) thereby allowing the droplet to pick up sufficient charge for trapping. Subsequent to the charging electrode, the droplets pass into the centre of the CEDB chamber where the droplets are trapped in the null point of the 20 electrodynamic field. The procedure for the size calibration of the droplet is the same as we previously used (Pope et al., 2010b) . A cw 532 nm wavelength laser (532GLM20, Changchun Dragon Lasers Co., Ltd), with a power of ∼ 20 mW, illuminates the trapped spherical droplet thus generating Mie scattering resonances. These resonances were recorded 25 over a 21 • window, as measured by the angle subtended from the null point to the edges of the window port, using a monochrome complementary metal oxide semiconductor camera (Thorlabs, DCC1545M) centred at ∼ 135 • relative to the forward direction of the laser. soda glass sphere standards of the following diameters: 19.3 ± 1.0, 30.1 ± 1.1, 42.3 ± 1.0 µm (Thermo Scientific Duke Standards, 9020, 9030, 9040). The particle size was determined by applying the calculation shown in Eq. (1) (Glantschnig and Chen, 1981) , which is based on Mie theory (Mie, 1908) , to the experimentally determined peak-topeak average of the recorded resonances.
In Eq.
(1) λ is the illuminating laser wavelength (532 nm). n is the refractive index of trapped droplet (1.33 will be used in this study for pure water), θ is the median angle of observed phase functions, r is the droplet radius, and ∆θ is the angular separation.
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The excellent agreement between the experimental calibration data and the theoretical calculations are shown in Fig. 2 . Labview software was used for experimental control and data acquisition.
Cooling strategy of CEDB
To cool the CEDB system, a liquid nitrogen Dewar was attached to the top of the 15 CEDB. This Dewar consists of double walled liquid nitrogen reservoir with a vacuum held between the two walls. To further reduce heat exchange between the liquid nitrogen Dewar and the ambient atmosphere, the outer surface of the liquid nitrogen cylinder is covered with flexible synthetic rubber insulation (Insul-tube and Insul-sheet, NMC (UK) Ltd) with a thickness of ∼ 9 mm. The top of the Dewar is sealed with a Polyte-20 trafluoroethene (PTFE) cap which is also insulated with synthetic rubber. The vacuum and insulation material significantly reduce the evaporation of liquid nitrogen thereby increasing the temperature stability within the CEDB chamber. The CEDB chamber is cooled by flowing N 2 gas through two copper heat exchange pipes (3 mm outside diameter). The pipes pass through the liquid nitrogen Dewar and Figures direct the gas flows through the upper electrodes (see Fig. 1 ). The gas flow from the central pipe passes through the upper-inner electrode and directly passes through the null point region of the CEDB. The gas flow from the outer pipe is directed through the gap formed between the inner and outer-upper electrodes and acts as an additional cooling sheath gas. The gas flows are controlled using mass flow controllers (Brooks 5 Smart MFC, Brooks Instruments) and are set to ∼ 80 sccm for the outer pipe (MFC 1 in Fig. 1 ) and 20 sccm for the central pipe (MFC 2 in Fig. 1 ). The flow rates are both laminar and matched in downward velocity. The Reynolds number of the two gas flows, can be calculated with Eq. (2), where d is diameter of inner (0.002 m) or outer electrode (0.004 m). u is the mass flow velocity (m s −1 ). ρ is the density (1.13 kg m −3 10 for nitrogen gas). η is the dynamic viscosity (1.75 × 10 −5 Pa s for nitrogen gas at 20 • C).
The calculated Reynolds numbers at 20 • C are 27.4 and 13.7 for the 80 and 20 sccm flow rates, respectively. These low Reynolds numbers comfortably ensure laminar flow at all temperatures investigated in this study.
The temperature at the null point of the CEDB is controlled by varying the temperature of the CEDB chamber wall using variable heaters (HP05-1/10-24, Onecall). The null point temperature and radial temperature gradient are measured using a 0.1 • C resolution thermometer (HH 308, Omega) with type K thermocouples. A temperature 20 calibration curve for the null point position is shown in Fig. 3a configuration sets up a radial temperature gradient within the cell at the height of the null point. The radial temperature gradients are < 1 • C mm −1 along the horizontal axis and < 1.5 • C mm −1 along the vertical axis. The relative humidity at the null point can get < 0.2 % (EK-H5 kit with SHT75 Humidity sensor, Sensirion) when the temperature is higher than −20 • C, and < 0.7 % when the temperature reaches ∼ −40 • C. Figure 3b 5 provides an example of the time required for the temperature of both the CEDB null point and the outer glass window surface to reach steady state. In order to stop the formation of condensation and or freezing on the outer surface of the glass windows (Knight Optical BK7), a rubber insulator (} in Fig. 1 ) was used between the window and metal body of the chamber. Furthermore, the outer surface 10 of the glass window was warmed by a heating jacket ({ in Fig. 1 ). The jacket was designed so the outside face of the window could be exposed to the laboratory air. Such a design allows for the easy alignment of the laser into the chamber and through the CEDB null point. When the outside surface temperature of the glass windows was lower than 15 • C, a dry laminar air flow is also directed onto the surface to avoid water 15 condensation and to maintain the transparency of the window.
Results and discussion
The first applications of the new CEDB system, detailed in this paper, are in the study of the evaporation kinetics of SWD and the immersion freezing ability of PWW droplets.
Evaporation kinetics of supercooled water droplets 20
As the main application of the CEDB will be the investigation of freezing events of aqueous droplets it is necessary to characterise the evaporation rate of SWD, which defines the time window accessible for the freezing studies. To ensure that the nitrogen gas was as dry as possible, the flow from the cylinder was passed through a 30 cm long, and 5 cm in diameter, drying tube containing silica gel particles ( Fig. 4a . This figure indicates that under dry nitrogen gas flow the evaporation rate of SWD decreases as temperature of the null point decreases, as expected, because of the decreasing water vapour pressure. The evaporation rate of SWD can be parameterized by determining the time taken for the droplet to evaporate to half of its initial radius (t r1/2 ). An alter-15 native parameterization is the ratio of t r1/2 to the initial radius of the droplet (t r1/2 /R) which minimises the influence of initial SWD size fluctuation (Fig. 4b ). This parameterization strategy has been previously used as an empirical tool to estimate the mass transfer of water molecules in glassy aerosol droplets (Tong et al., 2011) . Conclusively, the CEDB data indicate that water droplets with a radius of ∼ 15 µm 20 can be trapped for ca. 10-60 s within a ∼ 100 sccm pure nitrogen gas in the temperature range from −5.7 to −34.5 • C, thus defining the time scale available for freezing experiments in the current CEDB set up. The mean free path of N 2 gas (λ N 2 ) at subzero temperatures and atmospheric pressure is less than 58.8 nm (Hirschfelder et al., 1954) . Considering that the measured 25 droplet radius (r) is always greater than 2.5 µm, then the Knudsen number, K n = λ N 2 /r, is always much smaller than 1. Hence the N 2 gas flow is always in the continuum regime (Seinfeld and Pandis, 1998) , and we estimate the mass transfer of water molecules from the SWD surface to the surrounding N 2 atmosphere may be a significant factor as well as the heat transfer to influence SWD's kinetic evaporation rate (Miles et al., 2012; Holyst et al., 2013) . Although in this study we do not quantify the influence of mass and heat transfer on the evaporating rate of SWDs, these results show that SWD evaporation kinetics can be measured, in the new CEDB, at temperatures approaching the homogenous freezing temperature. This study will form the basis of a forthcoming 5 paper.
Immersion freezing of PWW solution
The extraction procedure for the PWW solutions, which is illustrated in Fig. 5a , is similar to the procedure used by Augustin et al. (2013) . Briefly, water birch pollen (Betula fontinalis occidentalis), which was obtained as a dried sample from Sigma-Aldrich 10 (P6895-1G), were suspended in water at a mass concentration of 5 g ml −1 and stirred for ∼ 1 min using a mixer (Fisher Scientific Top Mix FB 15024). After stirring, the suspension was then stored in a fridge for 24 h. The solution was then stirred again and filtered through sequential use of 0.45 and 0.2 µm pore filters (Supelco, 4 mm, PTFE membrane). In this aspect the procedure differed from that of Augustin et al. which 15 used filters of size 4-7 µm. After the filtration, the PWW solution is observed to be transparent but with a bright yellow hue. Each filtered PWW solution was used within 4 days of preparation to minimize the risk of contamination. The mass fraction (f PWW ) of biological material within the PWW solution is obtained by measuring the mass of the extracted PWW solution and mass of the dried residue with a 0.1 mg accuracy balance 20 (Fisherbrand PS-60). Dry PWW residues were obtained by evaporating the PWW solutions under nitrogen gas (Air liquid UK limited, > 99.999 %) and subsequent heating within an oven (Memmert, ULM 400) at a temperature < 95 • C for more than 4 h. Figure 6 clearly indicates that the mass fraction of PWW solutions (f PWW ) increase from 0.000135-0.0129 as the pollen suspension concentration (W pollen ) increases from 1-50 mg ml −1 (pollen mass per water volume). The upper threshold, f PWW = 0.0129, in this study is similar to mass fractions used in the study of Pummer et al. (2012) . However, within the experiments described in this study, the values of f PWW will increase 5 as the water content of the PWW droplets evaporate. The refractive index of PWW solutions (RI PWW ) increase from 1.332905 (pure water) to 1.33543 as the pollen suspension concentration increase from 0 to 50 mg ml −1 . To calculate the particle size, via equation E2, we used the refractive index value of pure water (n = 1.33) in all cases. For a 15 µm (in radius) PWW droplet, without considering the density evolution of it 10 during the evaporation process, at most this simplification led to an overestimation of the initial droplet size by ∼ 0.28 %, and 0.54 % for the same droplet at time t r1/2 . Freezing events of the PWW droplets are identified by the change in the elastic Mie scattering signal. Liquid droplets are spherical and produce regular fringe patterns, whilst frozen solid particles are non-spherical and produce irregular patters. Such 15 a strategy for distinguishing liquid and frozen droplets has been successfully demonstrated previously (e.g. Krämer et al., 1999; Shaw et al., 1999; Vortisch et al., 2000) . Examples of different phase functions are shown in Fig. 5b -e. In particular, Fig. 5b provides images of scattered light recorded at 1.3 and 10 s, respectively, after capture in the EDB trap from a PWW droplet at −21.8 • C; the reduction in fringe spacing clearly 20 indicates that the droplet has lost some of its water content through evaporation but has not frozen. Figure 5c provides images of the scattered light recorded immediately after trapping (0.0 s) and 5.0 s after injection for a frozen PWW droplet at −24.2 • C, both phase functions are irregular indicating that this droplet was frozen almost instantaneously within the trap. Figure 5d shows the phase functions of a trapped PWW 0.4 25 and 2.6 s after injection; the first phase function is regular and the second is irregular indicating that a freezing event happened after a short period of evaporation. Figure 5e provides the phase functions, at 0 and 60 s after injection, for a PWW which freezes instantaneously at −32.2 • C. To test the freezing efficiency of PWW solution droplets, experiments were performed at ten different temperatures. The temperature dependent freezing fractions (f ice ) of the PWW droplets, is calculated using Eq. (3).
Where N f is the number of PWW droplets that freeze, and N 0 is the total number of PWW droplets. The ice freezing fraction of droplets initially generated from a 5 mg ml −1 PWW solution is shown in Fig. 7 . There is a clear increasing trend in the probability of PWW freezing as the temperature decreases. The freezing fraction increases rapidly from water birch (Betula fontinalis occidentalis) pollen PWW samples show a similar temperature dependent trend in f ice to the 50 mg ml −1 Betula pendula PWW droplets. Both the f ice values for these two different species increase rapidly, from an initial value of ∼ 0 to 1, in the relatively small temperature range of ∼ 5 • C. The 0.1 mg ml −1 Betula pen-20 dula PWW droplets also have a similar shaped f ice curve to the CEDB results but show subtle differences in freezing ability, compared to both the 5 mg ml −1 Betula fontinalis occidentalis sample and 50 mg ml −1 Betula pendula sample, with f ice only reaching a value of ∼ 0.9 before the onset of homogenous nucleation at ∼ 37.5 • C.
The similarity between the freezing curves of the two different pollen species from the 25 same genus is intriguing; it suggests that the component(s) of PWW responsible for IN activity is common to the Betula genus. It should be noted that the pollen grains of both silver birch and water birch have very similar shapes with the characteristic raised pore 7683 Introduction
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Discussion Paper | Discussion Paper | Discussion Paper | Discussion Paper | structure of the Betula genus, but it seems unlikely that these macro features of the pollen structure will have significant influence on the freezing ability on the filtered birch PWW. It has been shown that saccharides, lipids and proteins are easily removed from pollen particles via aqueous extraction . It has been suggested that the IN ability of birch pollen PWW is not due to proteinaceous compounds but 5 rather sugar-like macromolecules with masses between 100 and 300 kDa (Pummer et al., 2012) .
The differences between the f ice values of different species are likely due to the different concentrations of the extractable compounds. These differences can even occur across samples from the same genus and species but from different geographical re-10 gions (Augustin et al., 2013). We speculate that the yellow colour of the water birch PWW solution maybe indicates that it contains a high concentration of carotenoids, which may be one of the compounds that could influence the immersion freezing of PWW. It is possible that differences between the CEDB and cryostage measurement techniques may also influence the observed differences: the CEDB measurement used monodisperse (∼ 30 µm diameter) sized PWW droplets, as opposed to the polydisperse PWW droplet size distribution (10-200 µm diameter) of the cryostage experiments by Pummer et al. (2012 Pummer et al. ( , 2013 . Secondly the PWW droplets in the CEDB are charged and cooled over a different timescale compared to the cryostage experiments. Finally the contact free nature of the CEDB may influence the outcome.
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The experimental results presented in this study, in combination with other literature (Pummer et al., 2012; Augustin et al., 2013) 
Conclusions
This paper introduces a new design of CEDB. Furthermore it reports the initial applications of this CEDB to measure the evaporation kinetics and freezing properties of SWD. Accurate size and phase determination of the single levitated SWD was characterized via measurement of the Mie scattering signal. The rate of evaporation of SWD 5 in a dry gaseous environment was determined, in the temperature range from −5 to −34.5 • C and the current setup allows the freezing experiments to be performed within a time window of up to one minute dependent on temperature. The phase transition of the PWW particle from liquid to frozen solid, and hence the freezing efficiency of PWW, was characterized through the loss of the regular Mie scattering signal from the 10 levitated droplet. From this data, the statistical freezing fractions of PWW droplets were obtained in the temperature range: −4.5 to −40 • C. It was found that that PWW from water birch (Betula fontinalis occidentalis) pollen, in common with other Betula species (Pummer et al., 2012; Augustin et al., 2013) Discussion Paper | Discussion Paper | Discussion Paper | Discussion Paper | DeMott, P. J., Prenni, A. J., Liu, X., Kreidenweis, S. M., Petters, M. D., Twohy, C. H., Richardson, M. S., Eidhammer, T., and Rogers, D. C.: Predicting global atmospheric ice nuclei distributions and their impacts on climate, P. Natl. Acad. Sci. USA, 107, 11217-11222, 2010 . Després, V. R., Nowoisky, J. F., Klose, M., Conrad, R., Andreae, M. O., and Pöschl, U.: Characterization of primary biogenic aerosol particles in urban, rural, and high-alpine air by DNA sequence and restriction fragment analysis of ribosomal RNA genes, Biogeosciences, 4, 1127 Biogeosciences, 4, -1141 Biogeosciences, 4, , doi:10.5194/bg-4-1127 Biogeosciences, 4, -2007 Biogeosciences, 4, , 2007 . Diehl, K., Quick, C., Matthias-Maser, S., Mitra, S. K., and Jaenicke, R.: The ice nucleating ability of pollen, Part I: Laboratory studies in deposition and condensation freezing modes, Atmos. Res., 58, 75-87, 2001 .
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